We have studied the critical current density J c for onset of vortex motion and the dynamic instability of the moving vortex lattice at high driving currents in superconducting ͑S͒/ferromagnetic ͑F͒ Nb/ Ni 0.80 Fe 0.20 bilayers and in a single Nb film with the same thickness. The samples are all characterized by relatively high values of the pinning strength. The measured current-voltage characteristics are successfully described in the framework of the Larkin-Ovchinnikov model, modified in order to take into account the effect of the pinning close to the instability. We find that J c is smaller in the S/F bilayers than in the single film and argue that this is due to the strongly inhomogeneous order parameter in the bilayers. Also, the critical velocity v * for the occurrence of the instability is found to be significantly larger in the S/F bilayers than in the single S layer. By extracting the quasiparticle energy relaxation rate from v * , we show that this effect is due to the same inhomogeneous order parameter and the resulting lower average value of the superconducting gap.
I. INTRODUCTION
The interplay between a superconductor ͑S͒ and a ferromagnet ͑F͒ through the proximity effect in artificial S/F hybrids is currently a very active field of research involving both fundamental and application aspects. 1 One of the peculiarities of S/F hybrids is the strongly inhomogeneous nature of the superconducting order parameter. On the F side of the interface, the interaction of the exchange field with the Cooper pairs causes the order parameter to oscillate, 1,2 whereas on the S side, the order parameter is strongly suppressed over a distance of the order of the superconducting coherence length S , which is usually a few nanometers. The best known consequences of this highly inhomogeneous character of the order parameter are the strong suppression of the superconducting critical temperature T c with decreasing S-layer thickness d S , and the nonmonotonic behavior of T c as function of the thickness d F of the F layer, 3 while in S/F/S Josephson junctions, negative critical currents appear. 4, 5 The nonhomogeneous character of the order parameter was also recently studied by measuring the depairing current density J dp , which is determined by an average of the superconducting order parameter over the layer thickness. 6, 7 Such averaging should manifest itself also in other properties of the bilayer system. For instance, the force to pin vortices in the superconductor can be expected to be different, which is observable by measuring the onset of voltage at the so-called critical current in the current ͑I͒-voltage ͑V͒ characteristic. Differences should also be found in behavior of the moving vortex system. In particular, at high vortex velocities, an instability can occur, which drives the system to the normal state and therefore manifests itself by a jump in the voltage. This instability, first described by Larkin and Ovchinnikov ͑LO͒, 8 is related to the inelastic relaxation rate E of quasiparticles inside the vortex core. Such instabilities have been observed in a number of systems including low-temperature [9] [10] [11] [12] and high-temperature superconducting thin films [13] [14] [15] [16] and multilayers. [17] [18] [19] What essentially emerges from these studies is that the voltage jumps are indeed due to intrinsic properties of the moving vortex lattice but that two more ingredients may play a role, ͑i͒ the temperature dependence of E , in particular, when electron-electron interactions dominate the relaxation, and ͑ii͒ vortex pinning, ignored in the original LO theory. 20 The LO theory has been also extended to explicitly consider the contributions due to the heating effect. 21 Finally, measurements of flux-flow instabilities have been recently used to extract information about the symmetry of the order parameter in YBa 2 Cu 3 O 7 thin films. 22, 23 In the present paper, we study LO instabilities in S/F bilayers of Nb/ Ni 0.80 Fe 0.20 , and for comparison in a single Nb film, by measuring their I-V characteristics in perpendicular magnetic fields. Using Ni 0.80 Fe 0.20 ͑Permalloy͒, a strong ferromagnet, ensures that the order parameter is strongly suppressed at the interface, so that the effects of the inhomogeneous order parameter can be investigated. The outline of the paper is as follows. First, we give the theoretical framework to describe and analyze the flux-flow instabilities, followed by some experimental details. Results are then presented on the critical current density J c for the onset of vortex motion and on the critical velocity v * where the instability occurs. From the analysis of the instabilities as a function of the temperature and magnetic field, we establish the role played by the ferromagnet in determining the nonequilibrium Nb properties.
II. VORTEX LATTICE INSTABILITIES
In the case of a vortex lattice moving under high applied driving currents, Larkin and Ovchinnikov theoretically predicted a sudden voltage jump in the I-V curves before reaching the value of the depairing current I dp . 8 This fact is important not only from a fundamental point of view but it has also practical implications because it establishes a limit for the sustainable current in the superconducting state. The abrupt switching of the sample to a state of higher electrical resistance is caused by the electric field generated by the vortex motion, which shifts the distribution of quasiparticles inside the core to higher energies, causing some of them to leave the core all together. The vortex core therefore shrinks with increasing flux-line velocity v, and the viscous damping coefficient decreases. For a critical value of the velocity v * , the flux-flow state becomes unstable and the system switches to the normal state. The amount of decrease of the damping is controlled by the energy relaxation time of the quasiparticles E . For the viscous damping coefficient as function of the vortex velocity v, LO obtained the expression
where ͑0͒ is the viscous damping coefficient at zero velocity. From Eq. ͑1͒, one sees that the damping force F v = v increases with increasing velocity until it reaches a maximum at v = v * . Since v is proportional to the voltage V through the Lorentz force, the current-voltage characteristics are, according to LO, described by the relation
where t = T / T c is the reduced temperature, I c is the critical current, R f f is the flux-flow resistance, and c is a constant of the order of unity. The curve starts to bend upward in the vicinity of the critical voltage V * , which is related to v * by means of the relation
where H is the applied magnetic field and L is the distance between the voltage contacts. For the critical velocity LO found
where ͑x͒ is the Riemann zeta function and D is the quasiparticle diffusion coefficient, which means that from measuring the critical voltage V * it is possible to estimate values for E . As can be expected, faster relaxation ͑smaller E ͒ leads to larger v * . In this respect, it is important to note that a temperature dependence can also be expected for E . If the dominant relaxation mechanism is electron-phonon scattering, it should be E ϰ T −3 , while if electron-electron interactions dominate, it is E = E,el exp͓2⌬͑T͒ / k B T͔, where E,el is basically the inelastic relaxation time of the electron system, and ⌬͑T͒ has the temperature dependence ⌬͑T͒ = ⌬͑0͒͑1 − T / T c ͒ 1/2 from the BCS theory. This exponential behavior for E was indeed found in various materials, with ⌬͑0͒ = 1.76k B T c as expected from the BCS theory for low-T c amorphous Mo 3 Si and ⌬͑0͒ = 3.5k B T c for high-T c YBa 2 Cu 3 O 7 ͑Ref. 14͒ in accordance with the enhanced gap values in high-T c materials. In Ta/ Ge multilayers, again ⌬͑0͒ = 1.76k B T c was found when the Ta layers were uncoupled, while a coupled anisotropic multilayer yielded ⌬͑0͒ = 3.5k B T c , 18 indicating that the anisotropy leads to an effective value for ⌬͑0͒ without changing the exponential dependence.
Another point to note is that in the LO theory, the critical velocity ͓Eq. ͑4͔͒ should not be dependent on the external magnetic field. 8 However, it was discussed that the LO condition for a spatially homogeneous quasiparticle nonequilibrium distribution is only met when the distance v * E is larger than the intervortex distance a 0 . At low magnetic fields, this is not the case, and v * becomes proportional to a 0 and therefore to ͱ 1/H. 14 The crossover between the two regimes takes place when
where f͑T͒ is a numerical factor of the order of unity.
III. EXPERIMENT
A Nb film and Nb/Py bilayers were prepared by dc sputter deposition on oxidized Si͑100͒ substrates in an ultrahigh vacuum system. 24 We studied one single 25 nm thick Nb film and two bilayers with the same Nb thickness d Nb = 25 nm and Py thickness d Py = 10 and 75 nm, respectively. As we will see, in all samples, the pinning is relatively high, with the low-field critical current density values higher than 10 9 A/m 2 at t = T / T c = 0.5. Py, apart from having a quite large spin polarization 25 is characterized by very small values of the coercive fields H c at low temperatures, slightly dependent on thickness. Typical values for H c in our samples, measured with an in-plane field, are around 2 mT ͑10 mT͒ for 50 nm ͑20 nm͒ thick Py films. 26 The low coercivity, the preferential in-plane magnetization, and the very small thickness make that domain configurations or flux variations in the superconductor due to the ferromagnet do not play a role in our experiments, which are carried out in perpendicular applied field. Even a small in-plane field, for instance, due to external stray fields or a small misalignment of the sample normal with respect to the applied field, will drive out the domains and make the in-plane magnetization uniform. The large demagnetization factor then ascertains that the amount of flux produced by the small volume of the ferromagnetic layer is negligible; in other words, the magnetic induction equals the applied field.
To measure the I-V curves, using the standard dc fourprobe technique, the samples were structured by e-beam lithography into strips with width w =10 m. The length between the voltage contacts was 100 m. The I-V curves were measured by putting the samples in direct contact with the liquid helium to minimize any heating effect. The measurements were performed by sending current rectangular pulses to the samples. The current-on time was of 12 ms followed by a current-off time of 1 s. Any single voltage value was acquired at the maximum value of the current. The above procedure was repeated by sweeping the currents upward and then downward, and no hysteresis in the curves was detected. This indicates that the instability detected in the I-V characteristics has no thermal origin. The magnetic field was applied perpendicular both to the plane of the substrate and to the direction of the current. As a first characterization, the superconducting transition temperature T c and the temperature dependence of the perpendicular upper critical magnetic fields H c2Ќ ͑T͒ were resistively measured in the four contact configuration; the values were extracted from the R͑T͒ curves, taking the 90% value of the normal state resistance R N just above the transition to the superconducting state. The transition widths, estimated from the temperature difference at 10% and 90% of R N , were typically less than 60 mK at zero field and did not substantially broaden, even in high perpendicular magnetic fields, confirming the high quality of our samples. From the slope of the perpendicular upper critical field, 27 it is also possible to estimate the quasiparticle diffusion coefficient D = ͑4k B / e͒ ϫ͑−dH c2Ќ / ͉dT͉ T=T c ͒ −1 for the single Nb film. Because in layered S/F systems the H c2Ќ ͑T͒ curves shift in a parallel way as a function of the layer thicknesses, the slope of the perpendicular upper critical field cannot be used directly to determine D for the two Nb/Py bilayers. 28, 29 We will take D for Nb for all the calculations. Some characteristic parameters of the measured samples are reported in Table I . Note that T c for the bilayers has decreased by about 1.5 K, which means that the order parameter, assumed to be close to zero at the interface, has relaxed substantially to the bulk value. We therefore expect it to be inhomogeneous over the full film thickness.
IV. RESULTS AND DISCUSSION

A. Critical currents
In Fig. 1͑a͒ , the I-V characteristics are shown for the single Nb film at t = 0.5 for different values of the external magnetic field between 0.05 and 1.8 T as indicated. Up to a certain value of the magnetic field, the curves exhibit a sudden jump at a well defined current value I * , well above the critical current I c where the onset of voltage occurs. At higher magnetic fields, the I-V curves become more smeared and finally the jump disappears. This observation is consistent with other results found on different kinds of superconducting systems. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Very similar behavior is observed for both Nb/Py bilayers. In Fig. 1͑b͒ , we show the I-V curves, also measured at t = 0.5, for the NbPy75 sample.
The critical current density J c = I c / ͑wd͒ ͑d is the sample thickness͒ at t = 0.5 for the three samples is shown in Fig. 2 as a function of the external magnetic field. The critical current I c was defined using a dc voltage criterion of 2 V. For all samples, J c rises quickly when the field is lowered below H c2 and becomes more or less constant below H c2 /2. At these low fields, where the pinning is individual rather than collective, the values for J c range from 10 9 A/m 2 for NbPy75 to 5 ϫ 10 10 A/m 2 for Nb. The pinning is therefore quite strong in comparison, for instance, with amorphous materials. Also, the values for the two Nb/Py bilayers are substantially smaller than for the single film and we want to argue that this is an immediate consequence of the homogeneous suppression of the order parameter inside the Nb. The singlevortex pinning in superconducting films is due to defects in the crystal lattice which can be pointlike or extended ͑grain boundaries͒ and which cause local variations in the order parameter. Such defects pin vortices because of the smaller amount of condensation energy which locally has to be paid when the vortex resides there. In the region of homogeneously suppressed superconductivity, which is basically the whole film, the local energy gain is less, and the pinning consequently weaker. We want to note that this is opposite to what can be expected for a magnetic impurity in the superconducting matrix. In that case, the local suppression is stronger than that of ordinary defects and the pinning will be stronger, as was indeed found in NbTi wires with Ni and Fe impurities. 30 The effect is also opposite to the effect from domain walls in the ferromagnet which can pin a vortex by its flux. 31, 32 Although not central to the paper, we can also remark that the relatively strong pinning in all samples appears to determine the precise shape of the I-V curves. Equation ͑2͒, for I Ͼ I c , describes the I-V curves close to the instability only when pinning mechanisms are absent and in high enough fields that the flux-flow resistance f is given by the BardeenStephen limit f = n H / H c2 , with n the normal state resistivity. To include the effect of low fields and pinning, the I-V relation should be modified as follows 18 :
where ␣, ␤, and c are constants and used as fitting parameters. The constant ␣ corrects for the low-field flux-flow resistance; the other two constants parametrize the correction to the viscosity constant by the pinning. In Figs. 3͑a͒ and 3͑b͒, we show the initial part of the I-V curves close to the instability, for the Nb film and for the NbPy75 bilayer, respectively. The solid lines are the fits to the experimental points obtained by using Eq. ͑6͒. The fits are good, and the values obtained for the parameter ␣ are quite small ͑around 10 or less͒ for all the magnetic fields in agreement with the results reported for high-pinning multilayers. 18 Also, with the obtained values for ␣, ␤, and c, the theoretical curves do not show any back bending which results in hysteresis not due to thermal origin in the I-V characteristics. 10, 18 Such hysteresis has been observed on amorphous Mo 3 Si for which, however, the estimated value for the parameter ␣ was equal to 14. samples is shown. In both cases, the data in low fields show the critical velocity to be proportional to H −1/2 , indicating that thermal effects are not responsible for the observed instability. For the Nb film, also the crossover to a fieldindependent v * is found. For the Nb/Py bilayers, the instability disappears already at field around 0.15 T, and we cannot detect the crossover. The numbers show that the critical velocities in the case of the Nb/Py bilayers are much larger and the instability disappears in this case already at smaller fields because the critical voltage V * is always much closer to V N ͑the normal state voltage͒ with respect to what happens in the single Nb film. Also, no substantial difference appears in the results obtained on the two Nb/Py bilayers. This is probably not surprising since Py is characterized by an induced superconducting coherence length of the order of only 1 nm. 33 However, as noticed in the literature, 12, 18, 21 the H −1/2 dependence of v * can also be induced by unavoidable Joule heating. In this case, a well defined theoretical expression is predicted for the dissipated power P * = I * V * as a function of H / H T . 12, 15, 21 Here, I * is the current value where instabilities take place and H T is a characteristic magnetic field where thermal effects start to strongly influence the flux-flow instabilities. We did not find any agreement between theory and experiment for the Nb film, while in the case of both the Nb/Py samples, we get 0 H T = 0.20 T, implying that thermal heating does not considerably influence the field dependence of the measured critical velocities.
What we believe to be the central point of our measurements is the fact that for the two Nb/Py bilayers, the v * values are much larger than for the Nb single film. Looking at Eq. ͑4͒, this must reflect in very different values for the relaxation time E for the two systems. In Fig. 5 , the temperature dependence E is given of for the single Nb film at two different fields, 0 H = 0.45 T above and 0 H = 0.20 T below the crossover field to constant v * at t = 0.5. The solid lines are the curves E = E,el exp͓m⌬͑T͒ / k B T͔ with E,el and m both used as fitting parameters. We obtain E,el = 9.74 ϫ 10 −11 s and m = 1.9 for 0 H = 0.45 T and E,el = 6.68 ϫ 10 −12 s and m = 1.8 for 0 H = 0.20 T. The dashed lines are the fit to the experimental data using the expression E ϰ T −n , where for both fields we obtain the unphysical value n = 9 for the exponent. The result tells us that electronelectron scattering dominates the energy relaxation in Nb film and that the temperature dependence is due to that of the gap, with ⌬͑0͒Ϸ1.76k B T c as expected from the BCS theory. Moreover, the values for E,el are the right order of magnitude. Similar findings are obtained for the temperature dependence of E in the two Nb/Py bilayers. Figure. 5 also shows the temperature dependence of E for the sample NbPy10 at 0 H = 0.15 T. The dashed line refers to the power-law fit to experimental data with n = 5, again unphysical, and the solid line is the exponential fit. In this case, E,el = 2.80ϫ 10 −12 s, not very different from the number for the Nb film in 0.2 T. The coefficient m, however, turns out to be equal to 1.0, suggesting that the effective gap experienced by the quasiparticles in their relaxation process is only half of the bulk gap. The much larger ͑critical͒ velocities for vortices in the bilayer system therefore appear directly related to The dashed lines are the fit to the experimental data using the expression E ϰ T −n , while the solid lines are the fitting curves obtained using the formula E = E,el exp͓m⌬͑T͒ / k B T͔ ͑see the text for details͒.
the suppression of the superconducting order parameter in the S layer.
V. CONCLUSIONS
We have studied the I-V characteristics at different perpendicular magnetic fields and temperatures for a Nb single film and for two Nb/Py bilayers with different Py thicknesses. Critical currents in Nb/Py samples are much smaller than those measured in the single Nb film. We have also observed sudden jumps in the I-V curves due to an instability of the vortex lattice which could not be ascribed to heating effects of the samples. The values of the critical velocities connected to the measured instabilities are much larger in Nb/Py with respect to the Nb. The above experimental findings are consistently interpreted as an effect of the strong inhomogeneity of the order parameter in the Nb layer when in contact with the ferromagnet.
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